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We report the existence of a two-dimensional electron system (2DES) at the (001) surface of
CaTiO3. Using angle-resolved photoemission spectroscopy, we find a hybridization between the dxz
and dyz orbitals, not observed in the 2DESs at the surfaces of other ATiO3 perovskites, e.g. SrTiO3
or BaTiO3. Based on a comparison of the 2DES properties in these three materials, we show how
the electronic structure of the 2DES (bandwidth, orbital order and electron density) is coupled
to different typical lattice distortions in perovskites. The orbital hybridization in orthorhombic
CaTiO3 results from the rotation of the oxygen octahedra, which can also occur at the interface
of oxide heterostructures to compensate strain. More generally, the control of the orbital order in
2DES by choosing different A-site cations in perovskites offers a new gateway towards 2DESs in
oxide heterostructures beyond SrTiO3.
Introduction.- ABO3 perovskites, where B is a
transition-metal (TM) ion, present many appealing phe-
nomena, including ferroelectricty, ferromagnetism, su-
perconductivity and strong electron-correlations [1, 2].
One reason for such a diversity is that the perovskite lat-
tice can accommodate a large variety of differently sized
A and B cations as described by Goldschmidt’s tolerance
factor [3]. This factor can be widely varied by the size of
the A–site cation, resulting in different lattice distortions
which strongly influence the electronic structure [4, 5].
Such a variety of functionalities within the same ox-
ide family, together with the epitaxial compatibility
amongst many of its members, has boosted the inter-
est in oxide heterostructures over the last two decades.
One prime example of these emerging properties is the
two-dimensional electron system (2DES) found at the
LaAlO3/SrTiO3 interface [6], which shows a wide range
of properties including the coexistence of superconductiv-
ity and magnetism [7, 8] as well as a possibly unusual elec-
tron pairing mechanism [9]. More recently, the discover-
ies of 2DESs at bare surfaces of various perovskites such
as the paraelectric SrTiO3 [10–14], the strong spin-orbit
coupled KTaO3 [15–17], the catalyst TiO2 anatase [18],
or the ferroelectric BaTiO3 [19] triggered new avenues
of research by providing deep insight into the micro-
scopic electronic structure of such 2DESs, including or-
bital order, symmetries, and electron-phonon interaction
effects [10, 11, 20, 21].
Here we report the discovery of a 2DES at the (001)
surface of CaTiO3. Moreover we find a significant hy-
bridization between the dxz and dyz orbitals forming the
2DES, not observed in the 2DES’s at the surface of other
perovskite titanates, and show that it is induced by the
rotation of the oxygen octahedra in the orthorhombic lat-
tice resulting from the small size of the Ca ion. This is
very appealing, as the possibility to use octahedral tilts
to control the properties of oxide interfaces, such as mag-
netism, has attracted much attention lately [22–24]. To
further explore the connection between lattice distortions
in the perovskites and electronic structures in 2DES, we
compare the 2DESs measured by ARPES at the sur-
face of different titanates, ATiO3 (A = Ca, Ba,Sr) [19].
We thus show that the orbital order, orbital symmetries
(hybridization between different orbital characters) and
bandwidths all depend on the size of the A-site cation.
Methods.- The ARPES measurements were con-
ducted at the Synchrotron Radiation Center (SRC, Uni-
versity of Wisconsin, Madison) and the CASSIOPEE
beamline of Synchrotron Soleil (France) at tem-
peratures T = 7 – 20 K and pressures lower than
P = 6× 10−11 Torr. Details on the surface preparation
and creation of the 2DES are discussed in the Supple-
mentary Material. Density Functional Theory (DFT)
calculations were carried out on bulk CaTiO3. Values
of the lattice parameters, tilt angles and band gaps were
estimated and compared to experimental data reported
in [25]. Of the three exchange-correlation functionals
tested, the hybrid one (HSE06) gave the best agreement
with the experimental values (see Supplementary Mate-
rial for a comparison of the results obtained with different
functionals). With this choice, the calculated lattice pa-
rameters differ from the experimental estimates by less
ar
X
iv
:1
70
5.
10
75
5v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 30
 M
ay
 20
17
2a b 
c d 
e 
f 
g h i 
CaTiO3 CaTiO3 
CaTiO3 CaTiO3 SrTiO3 
SrTiO3 
LH LV 
LH LV 
LH+LV 
LH+LV 
Fraction of dyz 
Fraction of dxz Fraction of dxz 
FIG. 1. (a, b) Fermi surface intensity maps of the 2DES measured at the surface of CaTiO3(001) close to Γ005 (hν = 57 eV)
using linear horizontal (LH) polarization, and close to Γ115 (hν = 67 eV) using linear vertical (LV) polarization, respectively.
(c, d) E − k intensity maps measured at Γ005 using LH and LV polarization. The red curves are based on a one-layer tight-
binding model assuming orbital hybridization between the dxz and dyz orbitals. The yellow markers in (c) are the peak positions
of the fits of the energy distribution curves. (e, f) Fermi surface and E−k map corresponding to the electronic structure of the
2DES at the (001) surface of SrTiO3. The shown intensity maps are a superposition of measurements using LH polarization
at hν = 90 eV and LV polarization at hν = 47 eV. The red curves are, in this case, based on a tight-binding model without
hybridization between the different t2g orbitals. (g, h, i) Momentum-resolved fraction of orbital character of the dxz or dyz
band visible in the E − k maps in (c, d, f) based on the tight-binding model showing the orbital hybridization in the 2DES at
the (001) surface of CaTiO3.
than 0.01 A˚ and the tilt angles by less than 0.2◦. The
band gap is estimated to be 3.62 eV as compared to the
experimental value of 3.50 eV [26]. All through this pa-
per, directions and planes are defined in the quasi-cubic
cell of CaTiO3. In this way, the (x, y, z) axes used to
express orbitals and wave functions are defined along the
Ti-Ti directions. In contrast, for experimental conve-
nience, the indices h, k and l of Γhkl correspond to the
reciprocal lattice vectors of the orthorhombic unit cell.
Experimental results.- Figs. 1(a, b) show the differ-
ent observed Fermi surfaces in the (001) plane of pseudo-
cubic CaTiO3. They were measured, respectively, around
Γ005 using hν = 57 eV photons with linear vertical (LV)
polarization, and around Γ115 using hν = 67 eV pho-
tons with linear horizontal (LH) polarization. One Fermi
sheet consists of a four-pointed star as shown in Fig. 1(a),
while two other Fermi sheets are circular as seen in
Fig. 1(b). Figs. 1(c, d) present the energy-momentum
maps close to the bulk Γ005 point along the 〈010〉 di-
rection, using respectively LH and LV polarizations. In
Fig. 1(d) one observes two dispersive light bands and a
portion of heavy band close to the Fermi level, whereas
the other part of the heavy band, with bottom about
62 meV below EF , can be seen in Fig. 1(c).
To understand the originality of the 2DES in CaTiO3,
it is instructive to compare its electronic structure with
that found in SrTiO3. Figs. 1(e, f) show, respectively, the
Fermi surface and E − k map obtained at the Al-capped
SrTiO3(001) surface –a protocol recently developed by
us to create highly homogeneous 2DES on several ox-
ides [19]. We thus identify three bands, two light and one
heavy, in the E − k maps of both materials. In SrTiO3,
the two light bands have dxy character, while the heavy
band has dyz (dxz) character along kx (ky) [10, 11]. For
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FIG. 2. (a) Top: Total, Ti-, Ca- and O-projected densities
of states of bulk CaTiO3 obtained from HSE calculations.
Bottom: Decompositions into Ti eg (dz2 +dx2−y2) and Ti t2g
(dxy+dyz+dxz) components shows that the conduction band
minimum of CaTiO3 is mainly formed of t2g orbitals. (b) Cut
into the pseudo-TiO2 plane (blue plane) of the charge density
plot (white contours) for the lower energy state of the conduc-
tion band in CaTiO3. Ca, Ti, and O atoms are represented
by cyan, grey and red spheres, respectively. Orange arrows
show the (x, y, z) axes of the pseudo-cubic unit cell.
CaTiO3, as will be fully justified by our DFT calculations
below, we also identify the subbands as states of the t2g
manifold. The two light bands correspond to dxy bands
forming circular Fermi surface sheets (see the Supple-
mentary Material for additional data close to Γ005 and
Γ115, as well as photon energy dependence of ARPES
data in CaTiO3, to confirm their orbital and 2D char-
acters). However, the dispersion of the heavy band is
clearly different in SrTiO3 and CaTiO3. The rotation of
the oxygen octahedra in CaTiO3 breaks the cubic sym-
metry of the ideal perovskite lattice (SrTiO3) and thus
can result in the hybridization of orbitals of different az-
imuthal quantum numbers. The hybridization of the dxz
and dyz bands in CaTiO3 is evident from the star-shaped
Fermi surface in Fig. 1(a), which can be understood as
resulting from the hybridization of the two elliptic Fermi
surface sheets in Fig. 1(e), and is further supported by the
non-parabolic dispersion as well as the light polarization
dependence of the heavy band in Figs. 1(c, d). In fact,
the dispersions of the heavy subbands in CaTiO3 can be
fitted using a minimal one-layer tight-binding model as-
suming hybridization of the dxz and dyz bands, as shown
by the red curves in Figs. 1(a, c, d). Based on such model,
Figs. 1(g, h, i) show the momentum-resolved fraction of
the orbital character of the hybrid heavy band, demon-
strating the hybridization between the dxz and dyz or-
bitals in CaTiO3, and the pure dxz orbital character of
the heavy band in SrTiO3. Details on the used tight-
binding model are provided in the Supplementary Mate-
rial.
From Fig. 1(c, d), the bottoms of the dxy subbands
at the surface of CaTiO3 are located at −158 meV and
−27 meV, while the bottom of the hybrid (dxz, dyz) heavy
subband is at −62 meV. Parabolic fits around Γ yield an
effective mass of approximately mdxy = 1.1 me for the
dxy bands, and mdxz,yz (Γ) = 2.7 me for the heavy band.
Based on the tight-binding model described before, the
mass of the heavy band sufficiently away from Γ (close
to its Fermi momenta kF , where orbital hybridization is
negligibly small) is mdxz,yz (kF ) ≈ 15 me. The Fermi
momenta of the dxy subbands are 0.07 A˚
−1 and 0.20 A˚−1,
and 0.38 A˚−1 for the hybrid heavy subband. This gives
an electron concentration of n2D ≈ 1.2 × 1014 cm−2, or
about 0.17 electrons per a2, where a is the pseudo-cubic
lattice constant of the orthorhombic lattice.
Numerical calculations.- We carried out DFT cal-
culations to understand how the rotation of the oxygen
octahedra surrounding the Ti4+ cation, and the con-
comitant altered bonding angle Ti-O-Ti, affect the or-
bital order of the crystal field split t2g (dxy, dyz, dxz)
and eg (dz2 , dx2−y2) orbitals in bulk CaTiO3. In fact,
as shown by the projected densities of states in Fig. 2(a),
top panel, the top of the valence band (set as zero of en-
ergy) has mostly oxygen character, while Ti states con-
tribute mainly to the bottom of the conduction band
(CB). Moreover, as demonstrated in Fig. 2(a), bottom
panel, a decomposition into Ti eg and t2g components
shows that the CB minimum displays predominantly a
t2g character, consistent with the octahedral environment
of Ti cations. Thus, despite the non-negligible tilt of the
TiO6 octahedra in the bulk CaTiO3 structure, the con-
tribution of the eg component to the bottom of CB is
small, and it totally vanishes at the CB minimum at Γ.
Thus, the 2DES at the (001) surface of CaTiO3 should
be mainly composed of the t2g states, which justifies the
choice of tight-binding orbitals used to fit the experi-
mental data in Fig. 1. In fact, as shown in Fig. 2(b), the
projection of the lower-energy conduction state into the
experimentally studied pseudo-TiO2 plane shows clearly
that the electron wave function in this plane presents the
symmetry of t2g orbitals. The Supplementary Material
presents a detailed description of our DFT calculations.
Comparison between various ATiO3
perovskites.- The 2DES at the surface of CaTiO3,
presented in this paper, is a new member of the family
of ATiO3 perovskites hosting a 2DES on its surface
(SrTiO3 and BaTiO3) [10, 19]. The comparison of these
2DES gives insight into the coupling of the electronic
structure to different lattice symmetries, as the three
oxides show fundamentally different lattice distortions.
While SrTiO3 is (close to) the perfect cubic perovskite
structure, the oxygen octahedra are rotated in CaTiO3,
and in BaTiO3 the Ti cation moves away from the center
of the octahedra resulting in a ferroelectric distortion.
These rotations/distortions and the corresponding
electronic structure of the 2DES’s, based on our ARPES
measurements, are schematized in Figs. 3(a, b, c). The
ARPES results on the 2DES’s are also summarized in
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FIG. 3. Oxygen octahedra in ATiO3 (A=Sr,Ba,Ca) per-
ovskites and schematic of band dispersion observed in the
2DESs in SrTiO3 (a), BaTiO3 (b) and CaTiO3 (c). The
black arrows in (b) and (c) indicate the distortion occuring in
BaTiO3 and CaTiO3. The broad red band and the question
mark in (b) indicate that the band structure of the dxy band
was not resolved well by ARPES in BaTiO3. The colors of
the bands correspond to different orbital characters. The size
of the blue filled and green empty circles in (c) represents the
fraction of the dxz (green) and the dyz (blue) in the band
dispersion.
Table I. The differences in the electron structure will be
discussed in the next paragraphs.
The effective mass of the dxy subbands is larger by
a factor of 1.6 in CaTiO3 compared to SrTiO3, due to
the rotation-induced decrease in the Ti d bandwidth [27].
This reduced bandwidth or respectively, increased den-
sity of states was related to a more robust ferromag-
netism at the LaAlO3/CaTiO3 interface compared to the
LaAlO3/SrTiO3 interface, although the driving force for
the magnetic order are the dxz and dyz, not the dxy,
orbitals [23]. Due to the orbital hybridization of the
dxz and dyz bands, m
∗
dxz,yz
is about five times smaller
close to Γ than far away from Γ (near EF ) in CaTiO3.
These insights are also of relevance for SrTiO3-based het-
erostructures, as rotations of octahedra can occur at in-
terfaces [27–29].
While the electron densities are rather similar in
CaTiO3 and SrTiO3 (factor of 1.2 ), n2D in BaTiO3
is at least twice as large compared to the other ox-
ides. The ferroelectric polarization in single domain
BaTiO3/SrTiO3 thin films is in the upward direction,
i.e. towards the surface [30]. The resulting electric field
will influence the confining field of the 2DES and thus,
the electron density can be altered. Hence, in princi-
ple, n2D can be controlled by the polarization in the thin
film which can be manipulated by choosing different sub-
strates [30] or by applying strain gradients [31].
The orbital order in 2DESs is mainly determined
by the effective mass along the confinement direction
m∗z [10]. As shown previously, the orbital mixing in
CaTiO3 influences m
∗
dxz,yz
in the surface plane, and
will also influence m∗z for this band. Thus, the com-
bined effects of hybridization and electron confinement
determine the orbital order. Consequently, as seen in
Fig. 3 and summarized in table I, the hybridized band in
CaTiO3 is in between two dxy subbands, in contrast to
the dxy − dxy − dxz/yz energy order in SrTiO3 [10, 19].
The orbital order in the 2DES at the LaAlO3/SrTiO3
interface is essential to understand its properties. Many
of the unusual phenomena at this interface are related to
the Lifshitz transition occurring at electron densities at
which the heavy bands dxz/dyz start to be populated [32–
34]. In contrast, other phenomena are only observed in
pure dxy systems, e.g. the Quantum Hall Effect [35]. In
SrTiO3-based interfaces the control of the orbital order
and occupancy is based on adjusting the electron density
and the spatial extension as well as depth of the quan-
tum well confining the electrons, depending for example
on the composition of the oxide heterostructure [35]. An-
other way is to chose different surface or interface orienta-
tions in SrTiO3 [13, 36]. The present study demonstrates
another possibility by choosing different A-site cations in
the perovskite lattice. New insights in the properties at
the interfaces of complex oxides could be gained by study-
ing Lifshitz transition in 2DESs in CaTiO3 and BaTiO3.
Conclusions.- We studied the coupling between the
lattice structure and the electronic structure of 2DES
at the surface of three different insulating perovskites
ATiO3. Our reference system is the 2DES in cubic
TABLE I. Relationships between crystal structure and elec-
tronic properties of the 2DES at the surface of CaTiO3,
SrTiO3 and BaTiO3. The Goldschmidt’s tolerance factor and
the lattice symmetry are given in the first two rows. The effec-
tive masses m? (in units of the free electron mass me) of the
dxy and dxz,dyz bands are given in the next two rows. The
subsequent four rows give the bottom energies of the Et2g
bands together with the energy difference between the two
dxy subbands, ∆Edxy . The last row gives the electron den-
sity n2D of the 2DES. All data correspond to the maximal
electron density observed for each of the 2DES.
CaTiO3 SrTiO3 [19] BaTiO3 [19]
Tolerance 0.97 1.01 1.08
Phase at RT orthorhombic cubic tetragonal
m?dxy/me 1.1 0.7 0.3± 0.2a
m?dxz/yz/me 2.7 at Γ 7± 1 10± 2
E
(1)
dxy
(meV) 158 223 200± 60a
E
(2)
dxy
(meV) 27 110 –
∆Edxy (meV) 131 113 –
Edxz/yz (meV) 62 50 135± 10
Orbital order xy, (xz/yz), xy xy, xy, xz/yz xy, xz/yz
n2D (10
14cm−2) 1.2 1.4 2.8± 0.4
a The dispersion of the light dxy band in BaTiO3 has not
been resolved well by ARPES. The light electron mass m?dxy
is estimated from the band bottom and Fermi momenta of
the dxz or dyz band along the “light” direction (x for dxz,
y for dyz). The estimated band bottom E
(1)
dxy
is based on
the spectral weight distribution of the dxy band in [19].
5SrTiO3 which has been intensively studied at its bare
surface as well as at the LaAlO3/SrTiO3 interface. The
orthorhombic distortions in CaTiO3 result in a hybridiza-
tion of the dxz and dyz orbitals. The ferroelectric dis-
tortions in BaTiO3 result in a macroscopic polariza-
tion which influences the electron density of the 2DES.
Moreover, the distortions change band width as well
as the orbital order of the t2g manifold in the 2DES.
Both band width and orbital order influence the macro-
scopic, e.g. magnetic and transport, properties of the
2DESs [23, 33]. Our results motivate the study of inter-
faces beyond SrTiO3 as so far the question of whether
the properties of the LaAlO3/SrTiO3 interface can be
generalized to 2DES in other perovskite oxides remains
largely unanswered.
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SUPPLEMENTARY MATERIAL
Surface preparation
Single crystals of CaTiO3 of 5×5×0.5 mm3 were pro-
vided by SurfaceNet GmbH. To clean the polished sur-
face, the crystal was annealed in ultra high vacuum at a
temperature of about 550-600◦C, as at this temperature
most carbon-based compound desorb from the surface of
the closely related perovskite SrTiO3 [37]. The resulting
low energy electron diffraction (LEED) image in Fig. 4
shows an unreconstructed surface. Alternatively, single
crystals were fractured at low temperatures T = 7–20 K
in ultra high vacuum. The fractured surfaces were not
characterized by electron diffraction. However, the pe-
riodicity of the electronic structure from ARPES mea-
surements demonstrates the surface crystallinity and the
absence of surface reconstructions.
Creation of oxygen vacancies
As in previous works, the 2DES is formed by the cre-
ation of oxygen vacancies due to desorption induced by
UV irradiation [38] or due a redox reaction with Al [19].
Fig. 5(a) shows a comparison between the stoichiomet-
ric surface (red curve) and the surface reduced by the
synchrotron beam (blue curve) after the oxygen deple-
tion reached a saturation value at the given temperature
and photon flux. Oxygen vacancies produce an electron
transfer from oxygen to Ti, as evidenced by the shoul-
der of the Ti 3p peak corresponding to Ti3+ cations,
and the in-gap state as well as the 2DES formed close
to the Fermi level EF . As in other reduced oxide sur-
faces, the in-gap state corresponds to electrons localized
at Ti cations close to the vacancy whereas the 2DES rep-
resents itinerant electrons [18, 39]. This dual character of
excess electrons and the interplay between the two is es-
sential to understand the magnetic properties of SrTiO3
based interfaces and surfaces [40].
To roughly estimate the concentration of oxygen va-
cancies at the surface, the Ti 3p peak of the blue curve
in Fig. 5(a) is fitted by two Voigt peaks, corresponding
to the Ti4+ and Ti3+ contributions, and a Shirley back-
ground. The fraction of the area of the Ti3+ Voigt peak is
about 36% compared to the total area of the Ti 3p peak.
Assuming that an oxygen vacancy results in an trans-
fer of two electrons to Ti, the vacancy concentration is
about x = 6% in CaTiO3(1−x). Note that this value cor-
responds to the weighted average over the probing depth
defined by inelastic mean free path of the photoelectrons
in the solid. The concentration of oxygen vacancies varies
depending on photon flux, exposure time and tempera-
ture. The given value was obtained at a surface in which
the effect of oxygen desorption saturated under the given
experimental conditions.
CaTiO3(001)
FIG. 4. LEED image of a polished CaTiO3(001) surface
after annealing at approximately T = 550–600◦C in UHV.
The kinetic energy of the incident electrons was set to 81 eV.
6b a 
FIG. 5. (a) Angle-integrated spectra of a fractured
CaTiO3(001) surface measured at a photon energy of
hν = 100 eV showing the partial density of states for bind-
ing energies between -42 eV and 2 eV. The red curve was
measured right after the first exposure to light whereas the
blue one was measured about an hour later. The creation
of oxygen vacancies is evidenced by the Ti3+ shoulder of the
Ti 2p peak and the presence of the in-gap state as well as
the 2DES. (b) Aluminium 2p peak measured at hν = 100 eV
after depositing 2 A˚ of aluminium on a clean and polished
CaTiO3(001) surface. The part of the peak corresponding to
oxidized Al demonstrates the occurrence of a redox reaction
at the interface of Al and oxide.
The position of the Ti4+ peak fitted by a Voigt shape
shifts by 230 meV in binding energy between the blue
and red curve in Fig. 5(a). This value corresponds to
the minimal band bending at the oxygen-deficient surface
of CaTiO3 shown in Fig. 5(a), as it is again a weighted
average over the probing depth and a small band bending
might already be present at the first measurement (red
curve).
Alternatively to the synchrotron irradiation, oxygen
vacancies are created by the deposition of 2 A˚ of alu-
minum on the clean and polished surface of CaTiO3 at
temperatures of about T = 50 − 100◦C. Details on the
Al deposition are described elsewhere [19]. As shown in
Fig. 5(b), a large part of the deposited aluminum is ox-
idized as evidenced by the peak at about −75.6 eV, and
only a small part is still metallic (peak at about −73 eV).
DFT: Computational method and settings
Most of the calculations were performed within the
Density Functional Theory (DFT), implemented in
VASP (Vienna ab initio simulation package) [41, 42].
Gradient-corrected GGA (PW91) [43], GGA+U [44]
(U= 5.0 eV, J= 0.64 eV), and hybrid (HSE06) [45, 46]
exchange-correlation functionals were used to give robust
grounds for the description of the electronic structure of
the bulk. The interaction of valence electrons with ionic
cores was described within the projector augmented wave
(PAW) method [47, 48], and the Kohn-Sham orbitals
were developed on a plane-wave basis set. Standard Cal-
cium and Titanium (including 3p electrons in the valence
band), and soft oxygen (energy cutoff of 270 eV) pseu-
dopotentials provided with VASP were used [47, 48], en-
abling a full structural relaxation of all considered sys-
tems at the hybrid level. The applicability of soft oxygen
pseudopotential was validated on the GGA+U level, with
results obtained with both the soft and full (energy cut-
off of 400 eV) oxygen pseudopotentials. Table II shows a
perfect agreement of the calculated structural (lattice pa-
rameters and tilt angles) and electronic (band gap) char-
acteristics of bulk CaTiO3 obtained with the two types
of pseudopotentials.
In CaTiO3, the Ca
2+ cations are too small to fit in a
undistorted cubic perovskite which results in a a−a−c+
rotation (Glazer notation [49]) of the oxygen octahe-
dra surrounding the Ti4+ cation and hence, an altered
bonding angle Ti-O-Ti. For the bulk calculations we
used such orthorhombic unit cell optimizing its shape
and volume until all elements of the stress tensor were
smaller than 0.01 eV/A˚
3
. Simultaneously, positions of
all atoms were optimized so as to make all forces less
than 0.01 eV/A˚. With these settings a (6 × 6 × 4) Γ-
centered Monkhorst Pack sampling of the bulk Brillouin
zone assures a convergence of calculated energy differ-
ences to 0.02 eV/CaTiO3, and of lattice parameters to
less than 0.01 A˚. We have done some calculations us-
ing the Wien2k package [50], in order to double check
our results. In particular, charge density plot showed in
Fig. 2(c) of the main text were done using this code.
DFT: Bulk results for different exchange-correlation
functionals
Table II summarizes the results obtained for bulk
CaTiO3 at different levels of approximation. Pure GGA
predicts a bulk structure (lattice parameters and tilt an-
gles) in relatively good agreement with the experimental
data, but largely underestimates the band gap. While
the GGA+U approximation considerably improves the
band gap, it does not match closely the experimental
result despite the large U − J value used in the calcula-
tions. Moreover, GGA+U introduces an non-negligible
overestimation of the lattice parameters and tilt angles.
By contrast, the hybrid approach produces an excellent
agreement between the calculated and experimental re-
sults in what concerns both the atomic structure and the
electronic characteristics.
Projected densities of states are reported in Fig. 6.
Regardless of the level of approximation, GGA, GGA+U
or HSE and the type of the oxygen pseudoptential used,
the top of the valence band has mostly an oxygen char-
acter, while Ti states contribute mainly to the bot-
tom of the conduction band. Decomposition into Ti eg
(dz2 + dx2−y2) and t2g (dxy + dyz + dxz) components,
obtained by a rotation of the unit cell to the axes of
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FIG. 6. Total, Ti-, Ca- and O-projected densities of states of bulk CaTiO3 obtained from standard GGA (a), from GGA+U
with soft oxygen pseudopotential (b), and from HSE calculations with soft oxygen pseudopotential (c). The bottom curves of
each panel show the decompositions of the Ti-projected density of states into Ti eg (dz2 + dx2−y2) and Ti t2g (dxy + dyz + dxz)
components.
Exp. GGA GGA+U GGA+U(s) HSE(s)
a (A˚) 5.36 5.40 5.43 5.43 5.36
b (A˚) 5.43 5.50 5.55 5.55 5.44
c (A˚) 7.62 7.68 7.74 7.73 7.62
φ (◦) 12 12.1 13.7 13.9 12.3
θ (◦) 9 9.2 9.7 9.8 8.8
Gap (eV) 3.50 2.28 2.90 2.90 3.62
TABLE II. Experimental and calculated structural and elec-
tronic characteristics of bulk CaTiO3: lattice parameters
a, b, c (A˚), tilt angles θ, φ (◦), and band gap (eV), obtained
from GGA, GGA+U and HSE calculations. (s) denotes re-
sults obtained with the soft oxygen pseudopotential.
the conventional cubic unit cell, shows that conduction
band minimum displays mainly a t2g character, consis-
tent with the octahedral environment of Ti cations. De-
spite the non-negligible tilt of the TiO6 octahedra in the
bulk CaTiO3 structure, the contribution of the eg com-
ponent to the bottom of conduction band is small, and it
totally vanishes at the CB minimum at Γ. We note that
hybrid calculations systematically predict larger band-
widths, as illustrated by the width of the t2g component
in the bottom part of conduction band, equal to more
than 2.5 eV in HSE and to about 2 eV in GGA+U. The
effect of band narrowing is likely linked to the overestima-
tion of the lattice parameters and inter-atomic distances
by the GGA+U approximation. We also note that the
GGA+U approximation overestimates the tilt of the an-
gles and predicts a larger tilt than either GGA or hybrid
approaches, and would thus lead to a larger hybridization
of the t2g and eg states. This feature can also be seen
in Fig. 6 where the percentage of the eg is higher at the
bottom of the conduction band as compared to GGA or
hybrid calculations.
Photon energy dependence
The measurement of the photon energy dependence
is a way to confirm the confined character of the elec-
tronic states, as changing the photon energy corresponds
to probing the electronic structure along the confine-
ment direction or respectively, perpendicular to the sur-
face. Based on Heisenberg’s principle, confinement in real
space results in a large uncertainty of the momentum,
i.e. non-dispersing bands along the confinement direc-
tion in reciprocal space. Previous studies on the 2DES
in perovskites demonstrated that dxy orbitals form tubu-
lar Fermi surfaces along the confinement direction due to
their 2D character [19, 51]. In contrast, the bands of dxz
and dyz bands disperse, forming neither purely 2D nor
strictly 3D states [19, 51].
Fig. 7 shows that similar dispersions can be observed
in the 2DES at the (001) surface of CaTiO3. Using linear
horizontal (LH) polarization the band of mixed (dxz, dyz)
orbital character can be probed close to normal emission
(compare to Figs. 1(a, c) in the main text measured at
hν = 57 eV). As displayed by the Fermi surface map in
Fig. 7(a), this band disperses along the confinement di-
rection and is thus not strictly 2D. Using linear vertical
polarization the light bands shown in Fig. 1(d) of the
main text can be measured. As evident from Fig. 7(b,c)
these bands are non-dispersing perpendicular to the sur-
face. Their non-dispersing character confirms the dxy
character of these two bands. Note that the ARPES in-
tensity measured at different photon energies was nor-
malized in Fig. 7 to enhance the visibility of the dispers-
ing bands at different k〈001〉 values.
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FIG. 7. 2DES at the (001) surface of CaTiO3. (a) Fermi surface map in the k〈001〉 − k〈010〉 plane measured by changing the
photon energy between hν = 37 eV and hν = 90 eV using linear horizontal polarization. The 〈001〉 direction is the confinement
direction perpendicular to the surface. To relate the photon energy hv to momentum k〈001〉 the inner potential was set to
V0 = 12 eV. The red lines show the Brillouin zone border of the orthorhombic lattice and the red markers correspond to Γ
points of the reciprocal lattice. The blue curve corresponds to the cut in reciprocal space at hν = 57 eV as shown in the
Ek maps in Figs. 1(c, d) of the main text. (b) Fermi surface map with photon energies ranging between hν = 30 eV and
hν = 100 eV using linear vertical polarization. (c) Same as (b) but based on 2nd derivatives of the E − k maps. All shown
maps are averaged intensities over an energy range of at most EF ± 10 meV.
Complete data set measured close to Γ005 and Γ115
The ARPES data in Fig. 8 show the Fermi surface and
E − k maps measured close to Γ005 and Γ115, as well as
their 2nd derivatives. The data close to Γ005 was mea-
sured at hv = 57 eV at a fractured (001) surface, the
one close to Γ115 at hv = 67 eV at the interface be-
tween oxidized Al and CaTiO3(001). Figs. 8(a, c, i, j)
are identical to the Figs. 1(a, b, c, d) of the main text.
The more complete data set in Fig. 8 confirms the con-
clusions in the main text: the presence of a star-shaped
and two circular Fermi surface sheets or respectively, the
presence of a heavy band of hybrid (dyz, dxz) charac-
ter and two light dxy bands. The shape of the smallest
Fermi sheet formed by the upper light band is not un-
ambiguously circular from the Fermi surfaces presented
in Figs. 8(b, c, f, g). However, from Figs. 8(i, j), it is
evident that the polarization-dependent selection rules of
the upper light band are similar to those of the lower light
band, i.e. silenced for LH polarization and enhanced for
LV polarization, as indeed expected for a band of essen-
tially pure dxy character in the experimental geometry of
the data presented here [10, 19]. Together with the non-
dispersing character of this band along the confinement
direction 〈001〉, as shown in Fig. 7(b,c), this indicates a
dxy character for the upper light band. As discussed in
Fig. 2(a) of the main text, there might be small contri-
butions of eg states to the bands forming the 2DES.
Note that the electron density of the 2DES at the
Al/CaTiO3 interface is slightly lower than at the bare
surface as evidenced by the smaller Fermi momenta and
binding energies of the band bottom of the dxy bands in
Figs. 8(g,k) compared to Figs. 8(f,j). The given values of
Fermi momenta, binding energies and electron densities
in the main text correspond to values at the bare sur-
face. The most probable reason for the difference are the
different techniques used to prepared the surface and/or
create the 2DES.
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FIG. 8. (a-d) Fermi surface intensity maps measured at the surface of CaTiO3(001) close to Γ005 (hν = 57 eV) (a,b) and close
to Γ115 (hν = 67 eV) (c,d) using LH and LV polarization. The measurements in (a,b) were conducted on a fractured surface of
CaTiO3, whereas in (c,d) the Al(2A˚)/CaTiO3 interface was probed. The maps shown are averaged intensities over an energy
range of at most Ef ± 10 meV. (e-h) Same as (a-d) but based on the 2nd derivatives of the E − k maps. (i-l) Corresponding
E − k intensity maps through the Γ point.
Tight-binding model
We use a simple tight-binding model to rationalize the
orbital hybridization between t2g orbitals in the 2DES of
CaTiO3. We consider the specific case of the dyz and
dxz orbitals giving rise to the hybrid heavy band seen
in Figs. 1(a,c) of the main text. To reproduce the ex-
perimental dispersions and Fermi surfaces it is sufficient
to consider the electron hopping between dyz and dxz
orbitals on a 2D square lattice. The Hamiltonian HXY
of the system in the basis {dI}, where I = (X,Y ) cor-
responds to the orbital character (yz, zx) of the two d
orbitals, is given by:
HXY =
(
d†X
d†Y
)T (
X XY
†XY Y
)(
dX
dY
)
,
with
X =− 2tpi′ cos(a ky)− 2tδ′ cos(a kx)
Y =− 2tpi′ cos(a kx)− 2tδ′ cos(a ky)
XY =− 2tXY ′(cos(a kx) + cos(a ky)).
Here, X and Y describe the intra-layer hopping be-
tween identical orbitals, whereas XY correspond to hop-
ping between different orbital characters. The hopping
between nearest neighbors of Ti cations is character-
ized by the hopping amplitudes tpi′ and tδ′ , the hop-
ping between the dxz and dyz orbitals by tXY ′ . The
Greek letters in the indices of the hopping amplitudes
correspond to the type of chemical bonding (pi, δ). The
tight-binding fit for the hybrid heavy band in CaTiO3,
shown in Figs. 1(a, c, d) of the main text, is based on
tpi′ = 0.24 eV, tδ′ = 0.017 eV, and tXY ′ = 0.010 eV. The
hopping amplitude tpi′ is defined by the effective mass
m?dxy of the dxy band near Γ: tpi = ~
2/(2m?dxya
2), where
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FIG. 9. (a-d) ARPES E− k intensity maps of the 2DES at the surface CaTiO3(001) close to Γ005, measured with LV photons
at hν = 57 eV. The yellow markers are the experimental peak positions of the hybridized heavy band measured using LH
photons at the same energy –see Fig. 1(c) of the main text. The red and blue curves are tight-binding models of the dxz/dyz
doublet for different hopping amplitudes between identical orbitals along δ bonds (tδ′) and different hybridization energies
between dxz and dyz orbitals ( tXY ′), as specified on top of each panel. In all cases, the parameters are set to provide the best
fit to the heavy hybridized band for a given tXY ′ . (e-h) Fermi surface of the 2DES at the surface CaTiO3(001) close to Γ005,
measured with LH photons at hν = 57 eV, to enhance the Fermi surface formed by the hybridized heavy band –as discussed in
Fig. 1 of the main text. The red and blue curves are the tight-binding Fermi surfaces from the corresponding models in panels
(a-d). (i-l) Fraction of dxz orbital character along k<010> (i.e. ky) for the upper band in the hybridized dxz/dyz doublet.
a ≈ 3.82 A˚ the lattice constant of the quasi-square lat-
tice. tδ′ and tXY ′ are adjusted to fit simultaneously the
experimental band dispersion and Fermi surface of the
hybrid heavy band. In the case of SrTiO3, tpi′ is cal-
culated based on m?dxy = 0.7me in table I of the main
text (me is the free electron mass), and tδ′ based on
m?dxz/yz ≈ 7me.
Note that the tight-binding parameters to fit the elec-
tronic structure of the 2DES in CaTiO3 are not unam-
biguous –the main reason being the simplicity of the
model. Fig. 9 shows fits to the hybrid heavy band and
Fermi surface for different sets of parameters, from the
case of no hybridization between the dxz and dyz orbitals,
Figs. 9(a, e, i), to the case of a hybridization energy of
16 meV, Figs. 9(d, h, l). Comparing Figs. 9(a, e) with
(b, f), (c, g) or (d, h), it is clear that a certain hybridiza-
tion between the dyz and dxz orbitals is necessary to re-
produce the dispersion and Fermi surface of the hybrid
heavy band –the fits becoming better as the hybridiza-
tion energy approaches 16 meV. However, considering
only the tight-binding model does not clarify the origin
of the upper light band forming the inner quasi-circular
Fermi sheet. In one case, as shown in Figs. 9(b, f), such
light band would correspond to the upper band of the
pair formed by the hybridized dxz and dyz bands. In
the other case, as shown in Figs. 9(c, d, g, h), the upper
band of the hybridized doublet would be unoccupied, as
the splitting is larger due to a larger hybridization energy,
and the experimental upper light band would be the sec-
ond quantum-well state of the dxy band. As stated in the
main text, and discussed previously in this Annex, we as-
signed dxy character to the upper light band due to both
its non-dispersing character along the surface normal, as
shown in Figs. 7(b,c), and its polarization-dependent se-
lection rules, Figs. 8(i, j), which are essentially the same
as those of the lower light band.
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